We study the use of two-photon absorption (TPA) in a silicon optical waveguide for measuring the optical signal-to-noise ratio (OSNR) of a nonreturn to zero phase-shift keying (NRZ-PSK) signal. The average photocurrent generated in the silicon waveguide increased by 70 nA (from 375 to 445 nA) for a change in OSNR from 28 to 6 dB and a constant total input power of 10 dBm. The nonresonant nature of the silicon waveguide TPA detector enables the simple measurement of OSNR over a continuous wide (9 10 nm) wavelength range. For a 10-Gb/s NRZ-PSK signal, we show that when the residual dispersion in the optical signal exceeds 425 ps/nm, further increases in dispersion have little effect on the photocurrent. Thus, this TPA-based OSNR monitor can be used in practical systems with large dispersion.
Introduction
Silicon photonics has received much interest because of the potential to apply mature and highyield complementary metal-oxide semiconductor (CMOS) nanofabrication technology [1] for the integration of different optical devices and electronic circuits and make available low-cost components for communication systems. In this paper, we characterized a silicon waveguide-based optical signal-to-noise ratio (OSNR) monitor for optical communications links. The waveguide may be fabricated with standard CMOS compatible process and be easily integrated with other optical components, such as the modulator [2] , the reconfigurable optical add drop multiplexers [3] , and the photodetector [4] , to enable monitoring of impairments in reconfigurable optical networks.
OSNR monitoring is essential for dynamically routed optical communication systems to ensure quality of service and enable impairment-aware dynamic routing [5] , [6] . Several techniques have been proposed to monitor the in-band OSNR. A well-established approach is the polarization nulling method [7] , which utilizes different polarization properties of the signal and the amplified spontaneous emission (ASE) noise. However, it becomes unreliable when the signal is depolarized by polarization-mode dispersion (PMD) [8] , or the ASE noise is partially polarized [9] . Another method is based on uncorrelated beat noise measurements [10] , in which expensive radio frequency (RF) components are required. A third technique is based on interferometry [11] , [12] . However, precise wavelength control is needed in this technique.
The square law response of the photocurrent generated by two-photon absorption (TPA) [13] may be used to distinguish between two signals containing the same average optical power but different instantaneous peak optical powers. Guo et al. showed that the band-limited ASE noise will produce twice the average TPA photocurrent compared with the TPA photocurrent generated from a constant optical signal with the same average optical power [14] . Reid et al. recently used a GaAs Fabry-Perot microcavity to monitor the OSNR of a nonreturn to zero phase-shift keying (NRZ-PSK) signal [15] . As TPA is an ultrafast nonlinear process with a response time in the femtosecond regime, this technique can be transparent to the data rate. However, the resonance of the cavity needs to be precisely tuned for each channel. Furthermore, the use of TPA for OSNR monitoring of phase-modulated signals may be affected by dispersion induced amplitude changes in the received signal.
In this paper, we investigate broadband OSNR monitoring in the presence of dispersion using a nonresonant silicon waveguide. The nonresonant waveguide avoids the need to have precise tuning of the resonant cavity and allows the scalability with ultrahigh-speed communication links. Besides, as mentioned in the first paragraph, silicon-based devices hold some unique advantages over III-V material system in terms of integration and yield. We show that OSNR monitoring of NRZ-PSK signals using silicon waveguides can achieve better sensitivity than previous work based on GaAs microcavity. In particular, we study whether the TPA photocurrent can resolve differences in OSNR when there is residual dispersion in the communications signal.
Theoretical Background
OSNR is defined as a ratio of signal optical power to the noise power over a reference optical bandwidth of 0.1 nm [16] 
where P signal is signal optical power, P noise is noise power, and N bw is the noise equivalent bandwidth. The inset of Fig. 1 shows the measured photocurrent as a quadratic function of the continuous wave (CW) optical power without modulation. The optical power was varied by a low-noise erbium-doped fiber amplifier (EDFA) and the photocurrent was measured under À3 V bias voltage by a semiconductor parameter analyzer. Due to the square law of TPA effect (see the inset of Fig. 1 ), intensity noise can generate twice the photocurrent compared with a noise-free signal with the same average optical power [14] . First, we consider the simple case of OSNR monitoring of phase-modulated signals which have not yet suffered any dispersion impairments: The TPA photocurrent can be described as a function of OSNR [15] i
where D is the effective duty cycle which can be considered to be 1 for a PSK signal, P is the average incident input optical power, and
In silicon waveguide, coefficients C 1 and C 2 can be described as
where spa is the coefficient of linear absorption due to the mid-bandgap states created by the defects inside the waveguide and at the surface, L eff is the effective length, A eff is the effective area, is the TPA coefficient, and C is the fitting coefficient, including the ratio of optical coupled power to the incident input power, waveguide effective length to the total effective length (with taper) ratio, and the carrier extraction efficiency. Taking free carrier absorption [17] into account, by using the values according to our silicon waveguide: A eff ¼ 6:2 m 2 , ¼ 0:45 cm/GW, L eff ¼ 17 mm, C ¼ 10:85%, the simulation and experimental results of the photocurrent (including both linear absorption and TPA) are shown in Fig. 1 . The values for C 1 and C 2 were measured to be 29.8 nA/ mW and 1.5 nA/mW 2 , respectively. However, for NRZ phase-modulated signal in practical systems, the initial constant amplitude will be modulated due to the presence of group velocity dispersion (GVD). The power fluctuation will increase with the GVD and finally tend to a limiting value after a large enough dispersion [18] . For a sinusoidal phase modulated signal, the fiber distance at which the peak-to-average power ratio starts to saturate can be described as
where is the optical wavelength in vacuum (meter), c is the light velocity in a vacuum, D is the GVD (ps/nm/km), and f is the PSK signal bit rate (bit/s). It is clear that the minimum dispersion needed for saturation of peak to average power ratio is inversely proportional to the data rate square. For 10-Gb/s sinusoidal modulation at wavelength of 1550 nm, the power fluctuation tends to be a constant value after propagating 47 km of single mode fiber (SMF; 17 ps/nm/km), but this distance can be reduced significantly for a more rectangular-like pulse phase modulation [18] .
Experimental Results and Discussions
OSNR monitoring using TPA in silicon waveguide was carried out on a 10-Gb/s NRZ-DPSK system. As shown in Fig. 2(a) , CW at 1549.28 nm from a tunable laser was phase modulated by 2 31 À 1 pseudorandom binary sequence (PRBS) to form a 10-Gb/s NRZ-DPSK signal. The signal was degraded by using a variable optical attenuator (VOA1) to attenuate the signal and an EDFA with a 1-nm optical bandpass filter (OBPF) to induce a controlled amount of band-limited ASE noise. For OSNR measurement, a second EDFA was used to boost the optical power. This amplifier induced negligible additional noise since the noise contribution was dominated by the first amplifier. The resulting signal was passed to the optical spectrum analyzer (OSA) to verify the OSNR. The second amplifier is not necessary if nanowire waveguide was used instead of the large area silicon waveguide used in this experiment. Eye diagrams and bit error rate (BER) measurements were obtained after the DPSK receiver, which can be potentially integrated with the OSNR monitor. In the photocurrent measurement part, VOA2 was used in front of the silicon waveguide to ensure a constant input optical power of 10 dBm. The light was coupled into the waveguide by a lens fiber, and the optical mode confined under the rib region has an effective area of 6.2 m 2 [17] . A p-n diode was formed by boron and phosphorus ion implantation at a distance of 10 m from the rib sidewalls. Metal electrical contacts were deposited to the p and n doped regions, and the carriers were extracted laterally via the metal contact, as shown in Fig. 2(b) . A semiconductor parameter analyzer was used to apply a reverse bias of À3 V on the PN diode for photocurrent measurements. Fig. 3(a) depicts the receiver sensitivities with regard to the OSNR of 14.3-dB, 17.1-dB, and backto-back case (without induced noise), respectively. It is obvious that when the OSNR was degraded to 14.3 dB, there was an error floor, at which receiver power of at least À16 dBm was needed to achieve error-free performance. The eye diagrams for the different OSNR tested are shown in Fig. 3(b)-(f) . It can be seen from the figure that the eye becomes closed as the ASE noise was increased. For measurement of photocurrent, the polarization of the signal in front of the silicon waveguide was aligned because of the polarization dependence of the photocurrent generation in the silicon waveguide. Although TPA can be independent of polarization in a silicon photodiode [19] , it is different for TE and TM because of the different mode confinement of TE and TM light in the waveguide. For the experiment in which no data was modulated to the light and no ASE noise was induced to degrade the signal, the photocurrent was measured to be 343 and 312 nA for TE and TM light, respectively. Any increase in the TPA photocurrent would indicate a decrease in the OSNR, leading to a reduction in the BER performance, and this was experimentally verified in Fig. 4(a) . For the system in Fig. 2(a) , when the photocurrent drops to less than 410 nA, the system can achieve error-free performance.
To investigate the wavelength dependence of the OSNR measurements, we measured the photocurrent at different wavelengths. In the range of wavelengths from 1544 to 1553 nm, the photocurrents were measured at OSNRs of 4.6 and 28.1 dB, as shown in Fig. 4(b) . The variation of the photocurrent was measured to be less than 2 nA for both 4.6 and 28.1 dB OSNR, which was of the same level of the photocurrent measurement error (around 2 nA). The TPA photocurrent can change with wavelength because of the inherent wavelength dependence of the TPA coefficient [20] and because of the increase in waveguide effective area with wavelength. However, experimental results suggest that the TPA coefficient of silicon is largely unchanged in the 1500-1600 nm wavelength range, with only a small increase in value from 0.48 cm/GW at 1501 nm to about 0.51 cm/GW at 1600 nm reported [20] . Since this change may be offset by the small increase in effective waveguide area over this wavelength range, the net TPA photocurrent in a silicon waveguide is expected to be largely independent of wavelength in the 1500-to-1600-nm range. Accordingly, the proposed TPA OSNR monitor is independent of wavelength and can be employed to monitor the OSNR of the demultiplexed channels in WDM systems without the need for any precise wavelength tuning.
In a practical NRZ-PSK system, dispersion will induce optical intensity fluctuation through phase modulation to amplitude modulation (PM-AM) conversion, which can thus change the peak power in the waveguide and increase the TPA photocurrent, even when OSNR is not degraded. However, when the dispersion is large enough, we expect the peak power fluctuation to tend toward a limiting value [18] , and thus, the TPA photocurrent may still be used to monitor OSNR in practical systems. To investigate the effect of dispersion on the proposed OSNR monitoring scheme, we introduce a known amount of dispersion to the system, as shown in Fig. 5(a) . VOA1 was used to vary the signal power into the first EDFA in order to change the OSNR which was verified by an OSA. The optical power in front of SMF was adjusted by VOA2 to a constant value below 0 dBm to avoid nonlinear effects in SMF. We employed different lengths (8 km, 25 km, 50 km, and 83 km) of SMF (with 17 ps/nm/km dispersion) to introduce different amount of dispersion. VOA3 equalized the attenuation of SMF with different lengths, which ensured that only dispersion was varied in the measurement of TPA photocurrent. We measured the photocurrent generated in silicon waveguide with a constant input power of 10 dBm. The results in Fig. 5(b) show that the photocurrent initially increases with dispersion when the fiber length is not long [21] . This is due to the increased peakto-average power ratio. However, the photocurrent becomes independent of fiber dispersion when the dispersion is larger than 425 ps/nm (fiber length exceeds 25 km) which can be explained by the fact that once the pulses are generated, sufficient dispersion will broaden them to reduce the effect of PM-AM conversion. This saturation phenomenon of peak to average power ratio was analyzed in [18] . However, our experimental results are different from the calculated results of (6) because the phase transition of 10-Gb/s NRZ-PSK PRBS is more rapid than sinusoidal wave and, thus, contains higher frequency components which reduce the distance needed for the saturation of peak-to-average power ratio [18] . Thus, the minimum dispersion needed for saturation of peak-toaverage power ratio is also dependent on modulation format, and in this paper, 425 ps/nm dispersion is sufficient for the 10-Gb/s NRZ-PSK signal. For short reach and dispersion compensated systems, our proposed scheme can achieve a good sensitivity. However, for some communication systems (reconfigurable optical networks), it is difficult to completely compensate the dispersion. We show that this OSNR monitoring scheme can be insensitive to dispersion when the GVD exceeds a certain value. Thus, the proposed OSNR monitor can also be used in the systems with large residual dispersion. However, the RZ system will have ambiguity in OSNR monitoring because of the dispersion-induced photocurrent change.
Conclusion
We proposed and experimentally demonstrated an OSNR monitoring scheme based on TPA in a nonresonant silicon waveguide for the first time. The performance was studied by measuring the photocurrent generated by TPA and verifying the system degradation through BER measurements. The effect of dispersion on this OSNR monitoring scheme is also characterized. The experimental results show good agreement with the theoretical analysis. One drawback of this method is the polarization dependence of the TPA photocurrent. However, careful waveguide design to match the waveguide confinement for TE and TM modes may help alleviate this problem [22] . The proposed monitor can be can be potentially integrated with a delayline interferometer [23] , [24] for simultaneous demodulation and OSNR monitoring in a DPSK receiver. Moreover, this technique can be further improved by using silicon nanowire waveguide to enhance the sensitivity of the OSNR monitor.
